ABSTRACT
INTRODUCTION

50
Hemiparesis is a major consequence of stroke and contributes significantly to the motor 1998) and therefore, bilateral somatosensory inputs make an important contribution to interlimb 95 coordination patterns following stroke. Recent split-belt treadmill studies in people post-stroke 96 suggest that the impaired nervous system is still capable of producing an appropriate interlimb 97 coordination and also, it can store the new improved interlimb relationships temporarily 98 (Reisman et al. 2007 ). However, the relative contribution and importance of interlimb pathways 99 for modifying abnormal muscle activation patterns in terms of phasing is less clear.
100
Recently, we showed that muscle phasing can be systematically influenced by interlimb 101 pathways and also, the relative angular position of limbs can affect muscle phasing during a 102 dynamic pedaling task (Alibiglou et al. 2009 ). Based on our previous findings in neurologically 103 non-impaired subjects, in this study, we sought to investigate the extent to which abnormal 104 muscle activity phasing in the paretic limb can be influenced by the relative angular position of 105 the non-paretic limb. The main goal of this experiment was to alter the arrival timing of afferent 106 inputs from the non-paretic leg onto the paretic leg and determine how the abnormal muscle 107 phasing adapts during a bilateral cyclical locomotor task.
108
We were interested in linking the results from our previous experiment involving non- During locomotion, muscle function is thought to be divided into two specific sets of Finally, it is not known if the impaired nervous system post-stroke is capable of 127 generating a more appropriate pattern of muscle activity phasing. Thus, another purpose of this 128 study was to investigate the effect of relative angular position changes on inducing phasing 129 patterns that resemble those reported to be generated by the non-impaired nervous system (Kautz 130 and Brown, 1998). Preliminary findings of this study were published in abstract form (Alibiglou 
132
METHODS
133
Subjects
134
Participants in this study were eighteen individuals [12 men, 6 women; age: 59±11 (SD) years] 135 who had sustained a single, unilateral, cortical or subcortical stroke and more than one year post- (Table 1) . The walking ability of the hemiparetic subjects in this study ranged from 138 independent ambulatory without any assistive devices to independent walking with assistive 139 devices (only cane). Also, they were selected if they could tolerate sitting on the bicycle seat for 140 at least 2 hours. Nine of the hemiparetic subjects had left-side involvement, and nine had right- seat with a backrest and a motor driven crank was used for this study (Rogers et al. 2004 ).
149
Participants were secured to the backrest with nylon straps, and shoulder supports were used to 150 further stabilize the trunk, confining movement to the legs during all tasks. Clipless style pedals 151 with straps allowed the subjects to maintain a rigid connection between the feet and pedal during 152 experiments. The entire ergometer was attached to a hydraulic tilt mechanism that was used to 153 position the backboard at 25° from horizontal to assure seating comfort during all experimental 154 conditions. The ergometer had a split-axle design with a detachable coupling mechanism. The 155 between-axle phase alignment was adjustable, allowing the limbs to be coupled in 15° off-sets 156 from fully anti-phased (standard pedaling) to in-phase relationships while motor driven control (40 revolution/min) for all subjects and conditions. This velocity was chosen because a previous 162 study in our lab had shown that for an imposed velocity of 40 rpm, the motor can accurately 163 regulate actual crank speed despite large applied forces (40.5 ±0.8 rpm) (Rogers et al. 2004 ).
164
The control of crank velocity resulted in the motor providing mechanical isolation of the The subjects were asked to pedal with moderate effort, bilaterally, at 12 randomly of the same subject. For this analysis, a two-tailed paired sample t-test was performed. All 291 statistical analyses were performed using OriginPro 8, and the p value was set at 0.05.
292
RESULTS
293
Comparison of sine wave parameters representing phase shifts of each muscle 294 Previously, we had shown in neurologically healthy individuals that the timing of the were evident across all recorded muscles of both the paretic and the non-paretic limbs of all 300 participating subjects with stroke. and paretic (B) limbs of stroke survivors. In the paretic lower extremity (Fig. 3.B) , the amplitude 321 of the fitted sine wave in the uniarticular extensor muscle (VM) was significantly greater than 322 biarticular extensor muscles (RF) (p<0.05), while, in the non-paretic lower extremity (Fig. 3.A) , we found no significant difference in the paretic side and also, in the non-paretic side (p>0.05).
330
Comparison of the ankle extensor and flexor muscle activity phase changes 331 We used a two-tailed paired sample t-test to compare responses to changes in relative (Fig. 3.D) whereas we found no significant difference between the 336 amplitudes of the fitted sine waves (p>0.05). In the non-paretic limb (Fig. 3.C) , the amplitude of 337 sine wave in Sol muscle was significantly lower compared with TA (p<0.05).
338
There was no significant difference between the phase lags of non-paretic TA and Sol 339 fitted sine waves (p>0.05). Furthermore, we didn't find any significant difference between the 340 period of these muscles' fitted sine waves in both paretic and non-paretic lower extremities 341 (p>0.05). VM muscle phasing to a more optimal (i.e. normal) phasing. First, we validated the result, 348 previously published by Kautz and Brown (1998) , that the paretic VM phasing is characterized 349 by an increased percentage of EMG activity occurring during the end of downstroke/beginning 350 of upstroke portions of the pedaling cycle (Fig. 4.A) . As shown in Figure 4 .B and C, our results
351
revealed that, at the optimal corrective angular position, the percentages of paretic VM activity importantly, we found that the "optimal corrective angular position" was different across all 360 subjects (Fig. 4.D) and indeed, there is no consistent relative angular position of limbs that can 361 modify the impaired paretic muscle phasing in all subjects post-stroke.
362
DISCUSSION
363
Recently, we showed that the phasing of the muscle activity of the lower limbs can be 
369
In the present study of people with stroke, we found that manipulating the angular 370 relation of the cranks in a pedaling task can cause paretic and non-paretic muscle activity 371 phasing changes that are either delayed or advanced, dependent on the relative angular position 372 of the two cranks. Therefore, our main hypothesis that the paretic and non-paretic muscle 
383
Equally important is the finding that it is possible to systematically modify and shift the 384 paretic muscle phasing to more normal muscle phasing activity by changing the relative angular 385 position of limbs. Here, we demonstrate for the first time, to the best of our knowledge, the 386 potential of specifically altered timing of somatosensory inputs to induce more appropriate motor 387 output in the presence of an impaired nervous system.
388
Note that because of the apparatus characteristics and our control of pedaling effort, 389 although we changed the angular relation of the cranks relative to each other, the mechanics of 
399
Changes in muscle activity phasing patterns post-stroke 400 In our prior study with neurologically intact subjects, we suggested that the CNS uses a were able to adapt to these changes, similar to that observed in neurologically intact people.
415
Uni-versus biarticular muscle phasing changes in pedaling task post-stroke 416 Previously in our study of neurologically healthy subjects, we described that the 417 magnitude of phasing changes in biarticular muscles was significantly greater than those of In fact, all of these findings suggest that there is a difference between underlying control 458 mechanisms of TA and Sol muscle.
459
Based on the observed similarity of the paretic and non-paretic TAs fitted sine waves, 460 and also their likeness to the non-impaired TA fitted sine wave (described previously), we 461 suggest that cortical inputs are less important in modulating muscle activation phasing. 
465
Possible underlying neural control schemes 466 An important finding of this study is that the impaired nervous system following cerebral controlling muscle activation phasing and timing. In our study, participants didn't exhibit any 552 cerebellar lesion symptoms and we assumed that they had no damage to cerebellum and their 553 impairments were limited to cerebral structures. Therefore, this might help to explain that why 554 the temporal adaptation we observed in this study is similar with adaptation we observed in the 555 non-impaired individuals prior to this study.
556
CONCLUSIONS
557
A central issue for our understanding of how discoordinated locomotion post-stroke can 558 be improved is the extent to which the impaired nervous system is able to adapt more appropriate 559 muscle phasing by being exposed to novel somatosensory inputs (like different relative angular 560 position). Here we found that short term exposures to novel timing of somatosensory inputs are 561 able to temporarily generate a more normal motor output post-stroke. More importantly, we 562 found that the proposed sine tuning mechanism that non-impaired CNS uses for modulating the 563 muscle's phasing is intact even in presence of cerebral damage. Taken together, the results of 564 this study have opened the door to a new way of manipulating the contralateral state of the non-565 paretic leg so that the paretic leg can potentially recover appropriate phasing of muscle activity. 
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This work was supported by the American Heart Association Grant 0715536Z. that is usually impaired port-stroke has been enlarged in the inset figure. By comparing A and B, it is 882 clear that the VM muscle phasing has been shifted toward more appropriately phasing at the optimal 883 corrective condition. C: Comparison of average EMG percent of VM at specific quadrant for stroke 884 subjects at nominal 180° condition (gray bars) and at optimal corrective condition (black bars) in 10 885 degree increments. D: Comparison of average EMG percent of VM of total quadrant for stroke subjects at 886 nominal 180° condition (gray bars) and at optimal corrective condition (black bars). As shown here, there 887 is a significant difference between nominal and optimal condition in the total percent activity of this 888 quadrant. E: shows that the optimal corrective angular crank relation was different across all subjects. 
